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ABSTRACT: We study the correlation between Fórster resonance 
energy transfer (FRET) and optical gain properties in conjugated 
polymer blends based on regioregular poly(3-hexylthiophene) 
(P3HT) and poly(9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT). 
First, FRET dynamics are investigated with femtosecond tran-
sient absorption spectroscopy observing a sub-picosecond ener-
gy transfer from F8BT to P3HT (550 fs) at medium doping levels 
(40% wt P3HT in F8BT). Amplified spontaneous emission (ASE) 
is then characterized in blends upon exciting predominantly the 
host and guest polymers, respectively. The corresponding densi-
ty of absorbed photons at threshold conditions is compared 
upon host or guest photoexcitation as a method to quantitatively 
INTRODUCTION Semiconducting polymer mixtures enable to 
combine notable charge transport and emission properties 
characteristic of pristine conjugated polymers.1,2 In particu-
lar, conjugated polymer blends where host and guest poly-
mers are coupled by Fórster resonance energy transfer 
(FRET) offer potential advantages for lighting and optical 
gain applications.3,4 In these blends, photoexcitation placed 
on the host polymer with wider optical gap is transferred to 
a lower optical band gap guest-conjugated strand. Being a 
long-range interaction, FRET enables to tune spectrally the 
emission away from the host absorption at very low guest 
contents, thus reducing self-absorption effects and conse-
quently enhancing amplified spontaneous emission (ASE) 
and lasing performance.5 In addition, FRET has also been 
used to achieve colour tunability by changing the type or the 
concentration of the guest species. Gupta et al.4,6 blended 
determine the FRET-assisted ASE efficiencies. We observe a 
reduction in ASE efficiency upon host photoexcitation of 20%, in 
the best case, respect to guest photoexcitation. Our results con-
firm that even in strongly coupled hostguest mixtures delayed 
exciton population by energy transfer is subtle to losses ascribed 
to exciton-exciton annihilation. 
KEYWORDS: amplified spontaneous emission; conjugated poly-
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several red-emitting PPVs into green-emitting PPV deriva-
tives to obtain very low ASE thresholds and remarkably 
reduced optical losses. Camposeo et al.7 reported on low-loss 
and highly polarized waveguides fabricated from green-
emitting and blue-emitting fluorene-based copolymers. 
In host:guest polymer-based optical amplifiers, FRET-assisted 
optical gain must overcome intrinsic exciton relaxation path-
ways in the host polymer. Owing to the large fluence neces-
sary to induce ASE in optically pumped lasers and optical 
amplifiers, exciton-exciton annihilation is perhaps the main 
loss mechanism, having a severe effect on the population of 
excited states.8,9 Its outcome depends strongly on film 
molecular packing which is in turn, controlled by polymer 
chemical structure and morphology.10,11 The enhancement of 
interchromophore distance in the solid state may contribute 
to reduce exciton-exciton annihilation, leading to an overall 
improvement in the optical gain properties of polymer opti-
cal amplifiers.1213 
In this work, we quantitatively determine the contribution 
from FRET to ASE as well as the magnitude of competing exci-
tan losses in F8BT:P3HT polymer blends. Efficient red emission 
and optical gain from P3HT in this blend has been previously 
demonstrated.1415 Pump-probe spectroscopy reveals a host-
guest FRET taking place in timescales down to 550 fs. ASE 
losses competing with FRET are quantitatively assessed with 
excitation wavelength-dependent ASE measurements. 
EXPERIMENTAL 
Blend films were prepared upon mixing toluene solutions of 
20 mg mlT 1 P3HT (BASF Sepiolid P200, >98% regioregular-
ity, Mn ~ 10 kg moP1) with F8BT (American Dye Source, Mn 
~ 33 kg moP 1 , Mw ~ 217 kg mol - 1 , PD = 6.6 determined 
with size exclusion chromatography in 1,3,4-TCB at 150 °C; 
calibrated with PS standards) in different weight ratios ( 1 -
80 wt % P3HT) and subsequent spin-cast of blend solutions 
at 2000 rpm on pre-cleaned quartz substrates. Absorption 
and photoluminescence (PL) measurements were performed 
on a UV-vis Cary spectrophotometer and a Fluoromax 4 fluo-
rimeter (Jobin-Yvon), respectively. The pump-probe setup 
consisted of a femtosecond Clark MXR regenerative amplifier 
as primary source delivering 120 fs pulses at 775 nm and 
1 kHz repetition rate. The primary beam was split into 
pump and probe beams. The pump beam was doubled in fre-
quency (387 nm), sent onto a computer controlled delay 
line, and subsequently focused onto the sample (0.1 mj 
cm - 2 ) . The probe beam was in turn focused on a sapphire 
plate to generate a supercontinuum and overlap with the 
pump spot on the sample. A prism spectrometer (Ingen-
ieurbiiro Stresing, Berlin, Germany) equipped with a double 
superposed Si - InGaAs array detector for VIS and NIR oper-
ating at single shot was employed to monitor the transmitted 
light through the sample as well as a reference probe pulse. 
Both channels allowed for acquisition of pump-induced 
absorption changes on the sample. Measurements were car-
ried out in vacuum to prevent sample photo-degradation. 
For ASE measurements, the photoexcitation was provided by 
a Q-switched [Nd3 + :YAG] (neodymium-doped yttrium alumi-
num garnet) laser which pumped an optical parametric oscil-
lator, delivering pulses of 12 ns at 10 Hz repetition rate. The 
selected pump wavelengths were 450 and 530 nm, concomi-
tant with maximum absorption of host and guest, respective-
ly. The pulse energy incident on the sample was adjusted by 
the insertion of calibrated neutral density filters into the 
beam path. An adjustable slit and a cylindrical lens were 
used to shape the laser beam into a narrow 400 u,m X 
4 mm stripe on the sample. At sufficient excitation intensi-
ties, the spontaneously emitted photons were amplified via 
stimulated emission. The output signal was collected and 
sent in free-space configuration to a SP-2558 Princeton 
Instruments (Acton Research) spectrometer equipped with a 
liquid N2 cooled deep-depleted CCD. ASE thresholds were 
FIGURE 1 (a) Absorption of blends with 0, 5, 10, 20, 40, 80, 
and 100% weight fraction of P3HT. (b) Spectral decomposition 
of the absorption spectrum of a 40% blend into two Gaussian 
peaks corresponding to the F8BT (dashed) and F8BT:P3HT 
complex (dotted) contributions, (c) PL data are shown for 
blends containing 1, 10, 15, 20, and 40 wt % P3HT as well as 
for pristine F8BT and P3HT. Excitation wavelength was 450 nm 
(2.8 eV) for all samples except for pristine P3HT (530 nm, 2.3 
eV). [Color figure can be viewed in the online issue, which is 
available at wileyonlinelibrary.com.] 
obtained as the incident pulse fluence at which the FWHM 
linewidth falls to half that of the PL spectrum. 
RESULTS AND DISCUSSION 
The absorption and PL spectra of F8BT:P3HT blends with 
different P3HT fraction are displayed in Figure 1. The pris-
tine P3HT absorption spectrum possesses a main peak at 2.4 
eV with two shoulders around 2.2 and 2.1 eV, respectively, 
which are characteristic of co-facial lamellar 7i-stacked P3HT 
aggregates.16 The blend absorption spectra is in turn com-
posed of a broad absorption band (2.7 eV) characteristic of 
F8BT and an additional shoulder near 2.3 eV. 
Since the low energy band is not accounted by pristine poly-
mer contribution, strong degree of n-n interaction between 
host and guest polymers in blend is inferred. Wu et al. 
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FIGURE 2 (a and b) A/A spectra of F8BT at 0 and 4 ps delay, respectively, (c and d) A/A spectra of F8BT:P3HT blends at 0 and 4 ps, 
respectively. 
proposed recently that the strong affinity between the 
electron-donor thiophene and electron-acceptor benzothiadia-
zole groups present, respectively, in P3HT and F8BT could 
result in the formation of a F8BT:P3HT complex enabling 
wavefunction mixing of the ground and excited states.17 At 
high P3HT weight percentage (80%), the spectrum evolves 
with an obvious long energy shoulder at 2.1 eV, indicating the 
appearance of P3HT aggregates in blend films. At lower P3HT 
dopings, Gaussian multipeak decomposition of the absorption 
spectra provides the separate spectral contributions of F8BT 
and F8BT:P3HT complexes in blends [Fig. 1(b)]. 
Parallel to the strengthening of the absorption shoulder with 
P3HT doping, the PL spectra of blends [Fig. 1(c)] evolve 
from F8BT green-yellow emission to a characteristic PL spec-
trum with maximum at 2.0 and shoulders at 1.8 and 1.7 eV. 
The enhanced tail of the PL at high P3HT doping could be 
related to inter-chain emissive species. The gradual quench-
ing of F8BT fluorescence with P3HT doping and the concom-
itant augment of emission in the red part of the spectrum 
imply a FRET process between host and guest. Optimum 
Forster resonant conditions are supported by the large spec-
tral overlap between F8BT emission and P3HT absorption. In 
films with P3HT fraction exceeding 15%, the residual F8BT 
emission is no longer distinguished. 
The FRET dynamics in blends were investigated in more 
details by aims of femtosecond transient absorption spec-
troscopy. The transient absorption spectra at 0 and 4 ps 
delays in pristine F8BT and a 5% weight mixture of P3HT in 
F8BT are shown in Fig. 2. The 0 ps differential absorption 
(A<4) spectrum of F8BT (Fig. 2(a)) is characterized from high 
to low energies by a negative photobleach (PB) tail extend-
ing down to 2.4 eV, a stimulated emission (SE) band 
centered at 2.2 eV and positive AA between 2.0 and 1.7 eV 
associated to photoinduced absorption (PA). Lack of spectral 
evolution is inferred from the 4 ps AA spectrum [Fig. 2(b)] 
except for a pronounced spectral dip at 2.4 eV, likely caused 
by a change in the relative concentration of singlet excitons 
(which dominates most of the pump-probe spectrum) 
respect to polaron pairs. This effect is emphasized upon 
increasing the pump fluence and consequently the polaron-
pair quantum yield.18 The 0 ps AA spectrum of the 
F8BT:P3HT blend, (Fig. 2(c)), preserves the spectral features 
characteristic of F8BT except for the absence of spectral dip 
at 2.4 eV, and a red-shift of the isosbestic point by about 20 
meV. Note that the 3.2 eV pump pulse implies that photoex-
citation is placed mainly (not exclusively) in F8BT chromo-
phores. Thus, the subtle spectral differences observed in 
blends could be associated to minor contributions from 
direct P3HT photoexcitation. At 4 ps delay [Fig. 2(d)], the 
positive PA band ascribed to F8BT is overcome by negative 
AA due to guest SE, (in the same spectral position as PL in 
blends). The emission build-up confirms that the FRET rate 
saturates in less than 4 ps. Additional insights into the effi-
ciency of this process are displayed in Figure 3. 
The AA dynamics at 2.3 and 2.1 eV reflect slow-down and 
build-up kinetics respectively upon doping, concomitant with 
the appearance of the P3HT PB band [Fig. 3(a,b)]. Likewise, 
the AA dynamics at 1.8 eV of 1 and 5% blends [Fig. 3(c)] 
show a change of sign as F8BT PA is gradually overcome by 
P3HT SE due to energy transfer. In 40% blends, the transfer 
rate approaches the pulse duration and gradual population 
effects are no longer visible. Interestingly, the SE contribu-
tion at 1.8 eV is overwhelmed by a characteristic long-lived 
PA, absent in blends with low P3HT content. Global fit analy-
sis involving three excited states associated to unrelaxed 
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FIGURE 3 Pump-probe dynamics at 2.1 eV (a), 2.3 eV (b), and 1.8 eV (c) of 1% (filled triangles), 5% (filled circles), and 40% blends 
(filled squares). Dashed lines stand for fits to kinetics, (d) FRET rates obtained from fits as function of P3HT concentration. [Color 
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] 
singlet excitons in F8BT (SfBT), P3HT (S[ 
excited state associated to P3HT 
sequential chain reaction (SF8BT -
applied to fit the data. 
T), and a relaxed 
(XpiHT) coupled by a 
dspHT 
rP3HT XP3HT), was 
The kinetic reaction (Scheme 1) involves direct photo-
excitation of F8BT and sequential population of 5P3HT and 
ZP3HT exciton levels with the following rate equations: 
dSF0SBT 
dt 
¡-F8BT 
' l 
JCF8BT 
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(4) 
dt 
-kETSF8BT+kxXp (5) 
where S0F8BT, SP3HT, g, kET, kx, and kx denote F8BT and P3HT 
ground states and the rates of pump-induced exciton genera-
tion, host:guest energy transfer, xP3HT generation rate and 
ZP3HT decay to ground state respectively. Table 1 displays the 
parameters obtained from the fits. 
The FRET rate values estimated from the build-up of P3HT 
exciton population are illustrated in Figure 3(d). A low con-
tent of P3HT in blend such is 5% suffices to achieve large 
host:guest interaction reflected in a sub-picosecond energy 
transfer rate. FRET rates reach a maximum value at about 
40% blend concentrations with a typical FRET timescale of 
550 fs. This value confirms the strong FRET coupling present 
in these mixtures compared to other polymenpolymer 
blends.1 The gradual rate increase and absence of FRET rate 
saturation up to 40% guest weight content suggests a large 
degree of miscibility of P3HT in F8BT. In conjugated polymer 
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SCHEME 1 Energy levels and transitions diagram for 
F8BT:P3HT blends. [Color figure can be viewed in the online 
issue, which is available at wileyonlinelibrary.com.] 
TABLE 1 Decay Rates Extracted from Global Fit Analysis of 
Pump-Probe Data 
P3HT Weight 
Fraction (%) 
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FIGURE 4 (a) ASE spectra and (b) corresponding values of 
FWHM (open circles, left ordinate) and integrated area (filled 
squares, right ordinate) as a function of input fluences, for a 
F8BT:P3HT (15:85) blend film pumped at 530 nm. (c) Normal-
ized ASE spectra at 450 nm photoexcitation of F8BT:P3HT 
blend films with 1, 5, 10, 20, and 40 wt % P3HT compositions. 
[Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.] 
blends, FRET is often jeopardized by the appearance of poly-
mer phase segregated domains at high guest content and 
consequently an enhancement of bulk emission.19 Next, the 
optical gain properties of F8BT:P3HT blends were studied by 
amplified spontaneous emission (ASE) measurements. Figure 
4(a) shows the typical ASE spectra of a 15% blend upon 
530 nm photoexcitation. At sufficiently high excitation densi-
ties, spectral narrowing is achieved with emission centered 
at around 1.9 eV coinciding with the 0-1 vibronic peak of 
the PL spectrum. Figure 4(b) shows the dependences of the 
FWHM ASE linewidth and output light intensity (integrated 
area) versus input pump fluence, respectively. ASE gives rise 
to a soaring growth of the output intensity at the highest 
gain position and a dramatic collapse in the linewidth from 
60 to less than 10 nm. Figure 4(c) displays the normalized 
ASE spectra of blends excited at 450 nm. As the P3HT 
weight fraction increases, there is a slight red-shift of the 
ASE peak from 1.9 to 1.85 eV caused by the differences in 
dielectric constants of F8BT and P3HT in the red spectral 
region.14 Likewise, the strong fluorescence background seen 
in 1 and 5% blends is explained as due to residual F8BT 
emission, in agreement with PL measurements. 
Hereafter, we evaluate and compare the impact of genera-
tion rate, (FRET-assisted versus direct excitation), on optical 
gain by performing ASE measurements on a set of blends 
pumping at 450 and 530 nm (predominant host or guest 
excitation, respectively). For comparative purposes, energy 
pulses employed for photoexcitation at 450 and 530 nm 
had same duration and were focused on approximately 
same areas. 
ASE thresholds upon 530 nm initially drop with concentration, 
a behavior likely caused by the progressive absorption increase 
at 530 nm with P3HT doping [Fig. 5(a)]. Saturation and raise is 
followed at higher doping levels, which is tentatively assigned 
to counter-balancing concentration quenching effects, in line 
with the decrease in PL quantum efficiency at high guest dop-
ing reported in polymer blends elsewhere.17,20,21 The ASE 
thresholds upon 450 nm excitation follow a similar trend, the 
initial threshold decrease being associated in turn to FRET-
assisted exciton population. The measured thresholds at 
450 nm are mostly below those at 530 nm, observing the larg-
er differences at low doping concentrations (1 and 5%). For 
such low P3HT fractions, FRET contributes to reduce the ASE 
threshold by a factor of 3. The lowest ASE threshold values are 
obtained however at 20% P3HT concentration (0.05 and 0.06 
mjcm~2 for 450 and 530 nm excitation, respectively). At those 
medium-high concentrations, the differences in ASE thresholds 
upon host/guest excitation shrink owing to the enhanced 
530 nm photon absorption of blends. Thus, FRET appears to 
be particularly effective to reduce thresholds in blends with 
very low guest content. 
In order to shed light into the FRET to ASE contribution, we 
compared the thresholds measured upon 450 nm excitation 
with those that would yield exclusively from direct guest 
photoexcitation at same wavelength, (Eth450). These latter 
values were estimated by taking into account the ASE 
threshold at 530 nm (£^530) and the different absorbance 
values at 450 (¿44S0) and 530 nm (¿4S30) as: 
E>tt50 = 1.18 E™ 
1-10" 
1-10" 
(6) 
where 1.18 is the 450-530 nm photon energy ratio, and 
^450 G4S3O) is determined from spectral decomposition of the 
blends absorption spectra into their guest and host compo-
nents [Fig. 1(b) for details]. The £ th450 values exceed in all 
cases £^530 by 1 order of magnitude [Fig. 5(a)] confirming 
that the contribution to ASE from direct guest photoexcita-
tion at 450 nm is negligible. 
Next, we quantify and compare the ASE efficiencies, deter-
mined as the absorbed photon density at threshold, upon 
host and guest photoexcitation, respectively. Bearing this in 
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FIGURE 5 (a) ASE threshold values of P3HT/F8BT blend films 
as a function of P3HT concentration upon 450 nm (filled circles) 
and 530 nm (filled triangles) excitation. The predicted ASE 
thresholds from direct P3HT photoexcitation at 450 nm for dif-
ferent P3HT doping are shown as filled squares, (b) The 
absorbed photon number at 450 nm (open squares) and 
530 nm (open circles) and the FRET to ASE efficiency (filled tri-
angles) as function of P3HT concentration. [Color figure can be 
viewed in the online issue, which is available at wileyonlineli-
brary.com.] 
mind, we define the total absorbed photon number at 
threshold conditions upon X excitation wavelength (/?) as: 
P 
A 
he 
SEthA (7) 
where S refers to the excitation area, Et^ is the measured 
ASE fluence threshold, and A stands for the absorbance val-
ues of blends at X wavelength. The FRET-assisted ASE effi-
ciency (A) is then defined from the ratio of the absorbed 
photon numbers at threshold upon 450 (feo) and 530 nm 
(feo) photoexcitation as: 
A(%) = 100* (8) 
The dependencies of feo, feo, and A with P3HT concentra-
tion are shown in Figure 5(b). Interestingly, the /?4S0 values 
are above the /?S30 for all concentrations, suggesting that a 
limited number of the total excitons harvested by F8BT will 
lead to guest optical gain. The differences diminish with 
concentration; in 40% blends for instance a A value of 80% 
is found, implying that 20% of the total absorbed photons 
by F8BT do not contribute to ASE. In the low doping regime, 
the progressive loss reduction upon increasing the P3HT 
weight fraction is concomitant with enhancement of FRET 
rate values and seems to suggest that losses stem mainly 
from inefficient energy transfer, as supported by the residual 
F8BT emission observed in blends with 1-15% P3HT con-
tent. At high doping levels however, the lack of residual 
F8BT emission points towards a different exciton loss mecha-
nism competing with FRET-assisted exciton population. It 
has been previously shown that exciton-exciton annihilation 
is particularly pronounced in F8BT owing to the large spec-
tral overlap between the PL emission and excited state 
absorption, which yields to a large exciton-exciton interac-
tion radius.22 Therefore, in the high concentration regime, 
exciton-exciton annihilation in F8BT could be the primary 
mechanism responsible for the different ASE efficiencies 
upon direct/indirect P3HT photoexcitation. At high P3HT 
content, competition between FRET and F8BT exciton-exci-
ton annihilation leads to 20% of the total harvested F8BT 
excitons failing to contribute to ASE. 
CONCLUSIONS 
The ASE threshold values of conjugated polymer blends 
were assessed upon two different generation rate mecha-
nisms: direct and FRET-assisted guest exciton generation. In 
the low guest concentration regime we observe large differ-
ences in the threshold values obtained upon these two pho-
toexcitation schemes. Such differences are primarily caused 
by the large dilution and low absorption of guest polymer in 
blends, leading to differences of one order of magnitude in 
favor of FRET-assisted ASE. The ASE efficiencies obtained by 
accounting for the relative host (guest) absorption in blends 
indicate however supremacy of direct photoexcitation 
respect to FRET-assisted guest exciton generation, due to 
exciton losses competing with FRET. In blends with the high-
est FRET rates, losses amount to approximately 20% of the 
total harvested exciton population being likely attributed to 
exciton-exciton annihilation. Our results suggest that exciton-
ic losses in strongly coupled host:guest systems upon large 
fluence photoexcitation conditions are not negligible and 
their hindrance would lead to further performance improve-
ments of optically pumped lasers and optical amplifiers. 
These observations are particularly relevant in polyfluorene-
based gain media, where excitonic losses upon high photoex-
citation fluences are notorious. 
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